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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN1#110bis-e [1], many agreements were achieved on the evaluation methodologies and evaluation assumptions of LP-WUS, with still some square brackets and FFS. In this contribution, we first discuss the remaining issues on evaluation methodologies and assumptions. Then based on the assumptions, some initial evaluation results of LP-WUS are provided.
[bookmark: _Ref129681832]Remaining issues on evaluation methodologies and assumptions
Use cases and scenarios
	Agreement
Both RRC IDLE/INACTIVE and CONNECTED modes are to be studied as part of the LP-WUS/WUR SI. 
· FFS: Further prioritization if needed during the study item.



[bookmark: _GoBack]The above agreement was made in RAN1#110bis-e [1]. In our view, to reduce the complexity and cost of LP-WUR, the same hardware of LP-WUR should be used no matter in IDLE/INACTIVE mode or CONNECTED mode. Therefore, the basic designs of LP-WUS, e.g. the waveform and modulation, are expected to be the same for IDLE/INACTIVE and CONNECTED modes. However, the UE procedures and corresponding functionalities of LP-WUS can be different for IDLE/INACTIVE and CONNECTED. So the design for procedures and functionalities can be different.
Proposal 1: Regarding the design of LP-WUS, the waveform and modulation for IDLE/INACTIVE state and CONNECTED state are the same, while the procedures and functionalities can be different for IDLE/INACTIVE state and CONNECTED state.
Target data rate
The target data rate of LP-WUS can be set to support the specific functionality. For IDLE/INACTIVE mode, paging related information is expected to be indicated by LP-WUS, so data rate required by legacy NR paging procedures can be taken as the reference. In legacy NR paging, with the densest PO configuration there can be at most 4 POs in a PF, and at most 1 PF per radio frame. Within a PO, there can be up to 32 UE_IDs carried by paging PDSCH, where a UE_ID is 48-bit 5G-S-TMSI. The maximum required data rate for paging is 32*48*4 bit/10ms = 614.4 kbps. However, the paging capacity configured by gNB in real deployment is usually lower than the upper bound, and there may be no need to indicate exact UE ID by LP-WUS. In our view, there can be some trade-off between the difficulty of supporting high date rate and power saving gain. For example, high data rate may require complex processing, which provide higher power saving gain due to less false alarm. To provide flexibility by LP-WUS, scalable target data rates can be considered instead of defining a single fixed target. For example, 10 kbps can be used as a target data rate with low data rate requirement, and 100 kbps can be used as a target data rate with high data rate requirement. To achieve different target data rate, a scalable design of the modulation can be considered, on which more analysis is provided in our companion paper [3].
Proposal 2: 10 kbps and 100 kbps are taken as two candidate target data rates in the future study of IDLE/INACTIVE mode.

Power model

	Agreement
· The following power models are used ‘Ultra-deep sleep’ power state for main radio for evaluation
	Power State
	Relative Power (unit)
	Ramp-up and down transition energy (Note1):
(unit multiplied by ms)
	Ramp-up time
	Time for sync/re-sync

	Ultra-deep sleep
	[0.015]
	[2000 ~ 40000]
· Study to converge on candidate numbers to use for evaluation
· FFS: other values and reported by companies.
· FFS: down-selection of the values, 
· companies are encouraged to provide details for down-selection
	[400ms], FFS: 100ms
	X


 Note1: 
· Ramp-up time may consist of the procedure for [main radio hardware tune on e.g., boot, memory load and etc.], 
· Time for sync/re-sync consists of the procedure for [main radio to re-synchronization with the serving gNB etc.],
· FFS: X and whether/how to have different values depending on other factors, e.g., signal-to-noise ratio
· Companies can report the assumption of X in the initial evaluation.
· Ramp up and down energy includes power for ramp-up and ramp-down. Energy consumption for sync/re-sync is separately calculated.
· The total time for main radio transition from ultra-deep sleep to active/micro sleep state is the sum of ramp-up time and time for sync/re-sync. 
· FFS whether/how to define ramp-down time, whether to separately describe the ramp-down energy consumption
Note 2: the power state transitions in this table refer to transitions between ultra deep sleep state and active / micro sleep state.
Note 3: The values inside of ‘[ ]’ are to be used as starting point of future study on LP-WUS

Agreement
· The following power model for LP-WUR/WUS evaluation is considered,
· Relative power unit for LP-WUR ‘off’ state, i.e., the LP-WUR does not perform monitoring: 
· [0.001]
· Relative power unit for LP-WUR ‘on’ state, i.e., the LP-WUR performs monitoring: 
· [0.005/0.01/0.02/0.03/0.05/0.1/0.2/0.5/1/2/4]
· Other values are not precluded to be evaluated.
· FFS: Mapping from values to a LP-WUR architecture or LP-WUR mode of operation
· No additional transition energy and transition time between ‘on’ and ‘off’ state as start point, FFS any transition energy and transition time if needed.
Note1: A unit of power is defined to be the same for main receiver and LP-WUS receiver.
Note2: the values provided is for the purpose of studying power saving gain, and the values can be further revisit and categorization depending on the receiver architecture discussion.
Note3: For LP-WUR ‘on’ state, more than one values within the above range may be used for evaluation (e.g. for a single LP-WUR architecture)
FFS: LP-WUR power consumption values for FR2.




The above agreements on power model were made in RAN1#110bis-e [1], while the numbers are with square brackets. For the power model of main radio companies seem to be able to reach consensus on the power consumption value on ultra-deep sleep, i.e. 0.015. The controversial part is the transition time and energy. If the transition energy is assumed to be 40000 and the ramp-up time is 400ms, it means that about 100 unit/ms during the ramp-up (considering the ramp-down is usually very fast and consumes marginal transition energy). Note that the power consumption of PDCCH-only state with 100 MHz BWP and 4RX is also 100 unit/ms [5]. According to the note 1, the ramp-up time may consist of the procedure for main radio hardware tune on e.g., boot, memory load and etc. Assuming the similar power consumption for ramp-up and PDCCH-only is obviously not realistic. Based on our investigation, using ~20 unit/ms as the average power consumption during the transition seems to be a reasonable assumption. Different implementation requires different ramp-up time. If the MR wakes up to be capable of performing any NR procedures the ramp-up time can be relatively longer, while for the case MR wakes up to be only capable of performing paging reception, RRM measurement and RACH the ramp-up time can be relatively shorter. So with some implementation, the ramp-up time can be 100ms, thus the transition energy can be 2000 correspondingly.
Proposal 3: The following power models are used ‘Ultra-deep sleep’ power state for main radio for evaluation.
	Power State
	Relative Power (unit)
	Ramp-up and down transition energy (Note1):
(unit multiplied by ms)
	Ramp-up time

	Ultra-deep sleep
	0.015
	2000
	100ms



Another controversial issue is the relative power of LP-WUR ‘on’ state. According to our analysis in our companion paper [2], for heterodyne architecture and zero-IF architecture, there is about 10 times power consumption reduction compared with deep sleep, i.e. the corresponding relative power can be modelled as ~0.1unit. These architectures can achieve good balance between power consumption and sensitivity. For architecture with RF envelope detection, the relative power can be ~0.05unit. However, for RF envelope detection architecture, a high-Q RF bandpass filter is very challenging, and therefore, we think only low-Q value can be assumed in the evaluations. To adopt the RF envelope detector, the corresponding co-channel interference needs to be considered considering some co-channel interference cannot be filtered by the low-Q bandpass filter.
Proposal 4: For the FFS points of mapping from values to a LP-WUR architecture, the relative power unit for LP-WUR ‘on’ state, i.e., the LP-WUR performs monitoring, is 
a) 0.1 for heterodyne architecture and zero-IF architecture.
b) 0.05 for architecture with RF envelope detection, for which only low-Q value bandpass filter is assumed in the evaluation. 




System performance metrics
	Agreement
For system impact analysis, the following performance metrics are considered to be provided,
	Performance Metric
	Note

	System overhead
	expressed as percentage of used part of all REs for LP-WUS (including guard band or time or others resource used for LP-WUR if any) among all resources
Other assumptions related to the system overhead analysis can be reported, e.g., the LP-WUR raw data rate evaluated in the coverage evaluations.

	FFS: Capacity impact
	[Evaluate the system capacity impact due to introducing of LP-WUS]

	FFS: NW power consumption / Energy Efficiency
	[Impact of LP-WUS/WUR operation on gNB energy consumption as performance metric in system impact analysis.]


 For power and latency evaluation of the LP-WUS, the following performance metrics are considered to be provided.
	 Performance Metric
	Note

	Power consumption
	Relative power consumption in units. The power consumption includes main radio and LP-WUR. For comparison, the relative power consumption and evaluation period for baseline schemes should also be provided, as well as the power saving gain (i.e., percentage of power consumption reduction of the proposed power saving scheme from the baseline scheme).

	Latency
	For IDLE/INACTIVE state, the latency is the time interval between the data arrival time at the gNB and the time of the first PO UE can [monitor/detect] the paging message
· FFS: if UE is not required to monitor a PO after wake-up, e.g., latency is the time interval between the data arrival time at the gNB and the time UE transmits the PRACH after LP-WUS detection.
· sync/re-sync for main radio is included
For CONNECTED state, TBD

	FFS: UPT
	FFS
Note: it is for connected mode purpose.


Companies to report baseline scheme, e.g., PO monitoring with i-DRX, e-DRX, with or without PEI
Companies to report the power consumption / power saving gain considering the FAR impact , latency considering MDR impact
Other performance metrics (e.g., mobility) can be reported by companies (if any)




According to the agreements, when the UE needs to receive PO after wake-up, the ending time of latency is the first PO UE can monitor/detect the paging message. Per our understanding, the wording ‘can’ means that the MR (main radio) is ready to perform legacy NR procedures. Following the same principle, when the UE needs not to receive PO after wake-up the UE transmits PRACH directly. Therefore, the ending time of latency should be the first RO that UE can transmit PRACH.
Proposal 5: If UE is not required to monitor a PO after wake-up, latency is the time interval between the data arrival time at the gNB and the time of the first RO UE can transmit the PRACH after LP‑WUS detection.

The system overhead is defined to evaluate how many resources are used by LP-WUS, which has relationship with system capacity. If the resource impact of LP-WUS is found to be small it is unlikely that a dedicated analysis of the impact on system capacity would give additional relevant insights, but would consume companies’ simulation resources and RAN1 discussion time. 
Observation 1: Capacity impact due to LP-WUS in a cell is likely to be reflected adequately by the resource overhead, and FFS until more is known about LP-WUS design whether there would be any different conclusions from a dedicated analysis of system capacity.
In our view, the transmission of LP-WUS should be fully controlled by the gNB. In other words, gNB has the flexibility to determine when LP-WUS is transmitted and when the transmission is muted. This means it is not practical to construct an evaluation methodology for network energy consumption before more details of LP-WUS design and procedures are known, e.g. it may later be self-evident that the impact does not require evaluation. In any case, it is probable that Rel-18 SI/WI on network energy saving conclusions will be generally applicable to LP-WUS.
Observation 2: FFS whether any dedicated study of network energy consumption for LP-WUS is relevant. 

Traffic model
	Agreement
…
	Traffic
	Option 1 (baseline):
Per UE paging rate (R_E)= ([1%]) or ([0.1%]) or ([0.01%]) or ([0.001%]) within duration Y, [FFS Y is an i-DRX cycle length or an absolute time duration length]
· R_G denotes as the group paging rate and R_E denotes as UE paging rate, and 1-R_G=(1-R_E)^N, where N is the number of UEs in the group, and N is [TBD]
· FFS: how (R_G, R_E) for e-DRX derived from
 
FFS: Option 2 (optional):
Reusing TR 38.875 heart beat traffic model
	Model
	FTP3

	Packet size
	100 Bytes

	Mean inter-arrival time
	60s (per UE paging rate≈2%)


 
Model RRC connection phase power consumption as follows,
	RRC connection duration
	[30ms]

	Relative energy consumption of RRC connection block (Relative power x ms)
	[=3000]


 
Other options are not precluded can be reported by companies.






During RAN1 #110bis-e, there were discussions on how to define the paging rate, i.e. the FFS Y is an i-DRX cycle length or an absolute time duration length. Technically speaking, the paging rate should be determined based on an absolute time duration. With the same traffic type (e.g. Poisson arrival model) and traffic parameter (e.g. λ-value of Poisson arrival model), the longer the duration is, the higher the probability of traffic arrival is. In Rel-17 PowSavEnh WI, our understanding is that the 10% per-PO paging rate is based on the assumption of 1.28s i-DRX cycle length and 10 UEs per PO. Therefore, in the above agreement, Y should be 1.28s.
For longer i-DRX cycle, the paging rate can be calculated using the similar formula of R_E and R_G in the agreement. Specifically, if R_E_1 denotes as the UE paging rate with 1.28s i-DRX cycle length and R_E_M denotes as the UE paging rate with M*1.28s i-DRX cycle length, then they satisfy 1-R_E_M=(1-R_E_1)^M.
For e-DRX, the above analysis can be used for the first i-DRX cycle within the PTW. Specifically, if R_E_1 denotes as the UE paging rate with 1.28s i-DRX cycle length and R_E_EDRX denotes as the UE paging rate with K*1.28s e-DRX cycle length and L*1.28s PTW length, then they satisfy 1-R_E_ EDRX =(1-R_E_1)^(K-L+1). For the remaining i-DRX cycles within the PTW, the paging rate can be the same as normal i-DRX cycle.
Proposal 6: For evaluation of LP-WUS, per-UE paging rate (R_E_1)= ([1%]) or ([0.1%]) or ([0.01%]) or ([0.001%]) with 1.28s i-DRX cycle length.
a) For i-DRX cycle length equal to M*1.28s, the per-UE paging rate R_E_M = 1 - (1-R_E_1)^M
b) For e-DRX cycle length equal to K*1.28s and PTW length equal to L*1.28s, the per-UE paging rate R_E_EDRX is 
i.  1 - (1-R_E_1)^(K-L+1) for the first i-DRX cycle within the PTW.
ii. R_E_1 for the remaining L-1 i-DRX cycles within the PTW.

Another option for traffic model is the heart beat model which is used in RedCap study. However, it is not clear for us how to use it. If, finally, a per UE paging rate is calculated based on the mean inter-arrival time, then we can simply add a new value for per UE paging rate in option 1. Based on this understanding, the packet size is meaningless. We also fail to see the necessity of ‘RRC connection phase power consumption’. In Rel-16 and Rel-17 UE power saving WIs, when IDLE/INACTIVE mode is evaluated, the power consumption for RRC connection phase has never been considered. Hence, we think it should also not be considered for LP-WUS.
Observation 3: If the traffic model of Option 2 can be converted to paging rate of 2%, the necessity of option 2 should be further clarified.

Noise figure
	Agreement
· For LP-WUS coverage evaluation, the noise figure of LP-WUR is 
· Options : [9, 12, 15, 18, 21, 24], Other values can be reported by companies
· FFS: how to determine the NF option.
· The values provided is for the purpose of studying coverage of LP-WUS, and it can be further revisited depending on the receiver architecture discussion.



The values in the above agreement on noise figure varies much. It is beneficial to discuss on how to determine the NF option, as stated by the FFS bullet. In our view, the NF value would impacted by the receiver architecture used. According to the analysis in our companion paper [2], 15 dB should be a reasonable assumption on noise figure for the heterodyne architecture with IF envelope detection or the zero-IF architecture when RF LNA is equipped.
Proposal 7: For LP-WUS coverage evaluation, the noise figure of LP-WUR is assumed to be 15 dB for the heterodyne architecture with IF envelope detection and the zero-IF architecture.
Carrier frequency offset
Another important evaluation assumption for coverage is the carrier frequency offset (CFO). As analyzed in our companion paper [2], about 200ppm is assumed for ring type oscillator. If higher frequency accuracy is desired, the combination of external Real Time Clock (RTC) and on-chip ring oscillator can reduce the CFO to about 50 ppm, with the price of additional tens of µW power consumption.
Proposal 8: The CFO assumption can be either 200 ppm or 50 ppm depending on different implementation, companies can report what they use.
ADC
Different assumptions on bit-width and sampling rate of ADC can lead to different performance of LP‑WUS in simulation. For example, larger bit-width can decrease the quantization error and thus provide better detection performance. The sampling rate impacts the received bandwidth. Therefore, the characteristic of ADC should be also modeled into the evaluation assumptions. As analyzed in our companion paper [2], 1-bit ADC (or comparator) and M-bit ADC can be considered. The sampling rate can be determine based on both the bandwidth of LP-WUS and IF for heterodyne receiver, and can be reported by companies.
Proposal 9: The evaluation assumptions of ADC should be determined:
a) For quantization order, the performance under 1-bit ADC (or comparator) and 6-bit ADC should be reported.
b) Sampling rate can be reported by companies.


Initial evaluation results
In this section, some initial evaluation results are provided, and it would be further updated based on the discussion and alignment of evaluation assumptions.
[bookmark: _Ref113979079]Power saving gain
Rel-17 UE paging reception procedure is used as baseline, which is shown in Figure 1. Specifically, the procedures are as follows:
1) UE stays in deep sleep (1 power unit)
2) UE wakes up before PEI occasion. After the UE wakes up from deep sleep, UE first receives one SSB for T/F sync (as well as intra-frequency measurement), then receives PEI
a) If the corresponding bit in PEI indicates there is paging, UE monitors PO, as shown in Figure 1 (a)
b) Else, UE does not monitor PO, as shown in Figure 1 (b)
3) Potentially, UE performs inter-frequency measurement. According to Rel-16 RRM measurement relaxation, the inter-frequency measurement can be relaxed to once per 3 I-DRX cycles. (the shadow block in  Figure 1 means the measurement is no performed every I-DRX cycle)
4) UE goes back to deep sleep

	[image: ]
(a)
	[image: ]
(b)


[bookmark: _Ref114159163]Figure 1 Rel-17 UE paging reception procedure
For the enhanced scheme, the procedures of MR are as follows, which is also shown in Figure 2
1) MR stays in ultra-deep sleep (0.015 power unit). 
2) The MR wakes up, and then performs re-sync to find the DL timing. There can be two reasons for the MR wakeup:
a) Reason 1: UE is indicated by LP-WUS to wake up 
i. If LP-WUS indicates per UE information, then UE does not need to receive PO, as shown in Figure 2 (a)
ii. Else if LP-WUS indicates per UE group information, after re-sync UE needs to receive PO. The duration between re-sync and PO is random, and T/F tracking is needed before PO (like in Rel-15), as shown in Figure 2 (b)
iii. No matter per UE or per group information is indicated by LP-WUS, UE potentially performs inter-frequency measurement (marked as the shadow block).
b) Reason 2: RRM measurement. Then UE performs inter-frequency measurement, as shown in Figure 2 (c)
3) MR goes back to ultra-deep sleep
	[image: ]
(a)
	[image: ] (b)
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(c)


[bookmark: _Ref117694106]Figure 2 Working procedures of MR when LP-WUR is used

Based on the above procedures, it is easy to understand that in order to maximum the power saving gain, it is expected to minimize the number of MR transition from/to ultra-deep sleep since the transition costs much energy. To reducing the number of MR transitions, RRM measurement is expected to be reduced, e.g. by performing measurement by LP-WUR or relax the RRM measurement if possible.
The initial evaluation results for power saving gain is shown in Figure 3. The used evaluation assumptions are listed in Table A 1 in Appendix A. The results show that the case without RRM measurement and per-UE indication can achieve the largest power saving gain, which confirms the above analysis. However, per-UE indication requires high data rate, which may have impact on the coverage performance.
[bookmark: _Ref117696222][image: ]
[bookmark: _Ref118233199]Figure 3 Evaluation results for power saving gain
Observation 4: Reducing the number of MR transitions can increase the power saving gain, which can be achieved by: 
a) Trade-off between the reasonable FAR value for LP-WUS and the coverage performance;
b) Reducing the RRM measurement by MR
Observation 5: For the case without RRM measurement and per-UE indication, ~92% power saving gain can be achieved.


Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]In this contribution, we discuss the paging procedure enhancement. Based on the analysis, we have the following observations and proposals:
Observation 1: Capacity impact due to LP-WUS in a cell is likely to be reflected adequately by the resource overhead, and FFS until more is known about LP-WUS design whether there would be any different conclusions from a dedicated analysis of system capacity.
Observation 2: FFS whether any dedicated study of network energy consumption for LP-WUS is relevant. 
Observation 3: If the traffic model of Option 2 can be converted to paging rate of 2%, the necessity of option 2 should be further clarified.
Observation 4: Reducing the number of MR transitions can increase the power saving gain, which can be achieved by 
a) Trade-off between the reasonable FAR value for LP-WUS and the coverage performance;
b) Reducing the RRM measurement by MR
Observation 5: For the case without RRM measurement and per-UE indication, ~92% power saving gain can be achieved.

Proposal 1: Regarding the design of LP-WUS, the waveform and modulation for IDLE/INACTIVE state and CONNECTED state are the same, while the procedures and functionalities can be different for IDLE/INACTIVE state and CONNECTED state.
Proposal 2: 10kbps and 100kbps are taken as two candidate target data rates in the future study of IDLE/INACTIVE mode.
Proposal 3: The following power models are used ‘Ultra-deep sleep’ power state for main radio for evaluation.
	Power State
	Relative Power (unit)
	Ramp-up and down transition energy (Note1):
(unit multiplied by ms)
	Ramp-up time

	Ultra-deep sleep
	0.015
	2000
	100ms


Proposal 4: For the FFS points of mapping from values to a LP-WUR architecture,  the relative power unit for LP-WUR ‘on’ state, i.e., the LP-WUR performs monitoring, is 
a) 0.1 for heterodyne architecture and zero-IF architecture.
b) 0.05 for architecture with RF envelope detection, for which only low-Q value bandpass filter is assumed in the evaluation
Proposal 5: If UE is not required to monitor a PO after wake-up, latency is the time interval between the data arrival time at the gNB and the time of the first RO UE can transmit the PRACH after LP-WUS detection.
Proposal 6: For evaluation of LP-WUS, per-UE paging rate (R_E_1)= ([1%]) or ([0.1%]) or ([0.01%]) or ([0.001%]) with 1.28s i-DRX cycle length.
a) For i-DRX cycle length equal to M*1.28s, the per-UE paging rate R_E_M = 1 - (1-R_E_1)^M
b) For e-DRX cycle length equal to K*1.28s and PTW length equal to L*1.28s, the per-UE paging rate R_E_EDRX is 
i.  1 - (1-R_E_1)^(K-L+1) for the first i-DRX cycle within the PTW.
ii. R_E_1 for the remaining L-1 i-DRX cycles within the PTW.
Proposal 7: For LP-WUS coverage evaluation, the noise figure of LP-WUR is assumed to be 15 dB for the heterodyne architecture with IF envelope detection and the zero-IF architecture.
Proposal 8: The CFO assumption can be either 200 ppm or 50 ppm depending on different implementation, companies can report what they use.
Proposal 9: The evaluation assumptions of ADC should be determined:
a) For quantization order, the performance under 1-bit ADC (or comparator) and 6-bit ADC should be reported.
b) Sampling rate can be reported by companies.
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[bookmark: _Ref117696298][bookmark: _Ref113983290]Table A 1 The evaluation assumptions for power saving gain
	Parameter 
	value

	I-DRX cycle length
	1.28s

	Per UE paging rate
	1% (assume Poisson arrival)

	Number of Ues indicated by LP-WUS
	1 (i.e. per UE information) 
or 
10 (i.e. per group information)

	Number of Ues indicated by each bit of PEI
	 2 (assuming 10 Ues per PO, and 5 sub-groups per PO)

	Length of PO
	4ms 

	Length of SMTC window
	5ms

	Number of frequency layers for inter-frequency measurement
	1

	Ratio of RRM relaxation for R17 baseline scheme
	One measurement per 3 I-DRX cycles

	Length of re-sync/sync
	30ms, where in the first 10ms UE continuously receives DL signal to find the coarse DL timing, then 18 ms light sleep and 2ms SSB reception for finer sync is followed.
Note: the periodicity of SSB is 20ms, so on average UE spends 10ms to find the first SSB to find the coarse DL timing

	Relative power unit for LP-WUR ‘on’ state, i.e., the LP-WUR performs monitoring
	0.1

	Relative power unit for ultra-deep sleep of MR
	0.015

	Ramp-up and down transition energy 
(unit multiplied by ms)
	2000

	Ramp-up time
	100ms

	How to monitor LP-WUS
	Continuously 
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